We report an easy way to tune the optical refractive index and viscosity of an epoxy acrylate-based host-guest system which can be used for the fabrication of optical waveguides. This allows fast and precise modification of the material system for different replication methods like hot embossing, inkjet printing or spin coating. To modify the refractive index n, an electron-rich organic dopant such as phenanthrene is added to a commercially available reactive polymer based resin. Moreover, changes in viscosity can be achieved by using a comonomer with suitable properties like benzyl methacrylate (BMA).
INTRODUCTION
Optical polymers are gaining more and more attention due to their wide range of applications. Especially in the fields of micro-optical components [1] , telecom applications [2, 3] , optical sensor concepts [4] and functional films [5] there is a high demand for optical polymers. Tailoring polymers for desired applications means adjusting and controlling monomer properties. Adjusting the refractive index has been shown in several approaches, for example by Jiang et al. who realized thin, scratch-resistant layers with modified refractive indices by plasma-polymerization of co-polymers [6] . Ferreira et al. reviewed about partially complex inorganic-organic multi component hybrid materials for optical applications [7] . These materials prevent further shaping due to their thermoset properties and in addition the processes are high-cost.
EXPERIMENTAL Materials
As main monomer matrix we used a commercially available UV-curable bisphenol A epoxy dimethacrylate (Epoxy Methacrylate 97-053, Rahn AG, Zurich, Switzerland), called EM in the following. To adjust viscosity we used benzyl methacrylate (Sigma-Aldrich, Taufkirchen, Germany) as a co-monomer. As dopant for tailoring refractive index, phenanthrene was mixed in. For polymerization a UV sensitive photo initiator (Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, TCI, Eschborn, Germany) was used.
Measurement setup
Viscosity characterization of the monomer mixtures was done by using a cone and plate rheometer (CVO50, Bohlin, Herrenberg, Germany) over two distinct experiments. The first measurement was performed at a constant shear rate of 100 1/s and with a linearly increasing temperature ranging from 20 to 80 °C. The second measurement was carried out with an increasing shear rate (10 to 200 1/s) at three specific temperatures (20, 40, 60 °C).
An Abbe refractometer (DR-M2/1550, Atago, Tokyo, Japan) was used to quantify the refractive indices of the polymerized test samples. Refractive indices were measured at 450, 589 and 680 and 20 °C. For each mixture two test samples were polymerized and measured five times each. Abbe numbers where then calculated with the help of the three refractive indices.
Optical damping of the polymerized samples and material respectively, was calculated using the data gathered with a UV-Vis spectrophotometer (Cary 50 UV-Vis, Varian, Waldbronn, Germany). The obtained data was corrected by the thicknesses of the samples as well as by the occurring reflection losses at the two interfaces of the samples and the surrounding air. The results are showing the relation between wavelength and optical damping in db/mm independent from sample thickness or refractive index.
Mixture and sample preparation
The mixtures were obtained by mixing the starting materials with a high-speed mixer (Ultra-Turrax T10, IKA, Staufen, Germany) under ambient conditions and for around one minute. To remove arisen air bubbles the mixtures were placed into an ultrasonic bath. Polymerized samples for refractive index and absorption measurements were produced using a silicon mold placed between two glass plates. Foils out of fluorinated ethylene propylene (FEP) where placed between material and glass plates to prevent the polymerized material from sticking to these plates. Polymerization was done using power UV-LEDs (LED Spot 100, Dr. Hönle AG, Gräfelfing, Germany) with a wavelength of 405 nm. Afterwards a postcure for 2 h at 80 °C was performed.
Three different mixtures based on EM and 30, 50 and 80 wt% benzyl methacrylate (BMA) were prepared with different concentrations of phenanthrene up to its solubility limit of 10 wt%. Table 1 shows an overview of the mixtures investigated. 
RESULTS AND DISCUSSION

Flow behavior
The viscosity of the monomer mixtures is strongly influenced by BMA as it can be seen in Figure 1 . Viscosity decreases by a factor of nearly 200 at 20 °C from around 1.5 Pa·s to 0.008 Pa·s for the mixture with 30 wt% BMA and 80 wt% BMA, respectively. In addition increasing temperature leads to a further decrease in viscosity. For the mixture with 30 wt% BMA viscosity decreases from 1.5 Pa·s at 20 °C to 0.033 mPa·s at 75 °C, as it is also shown in Figure 1 .
The influence of phenanthrene on the viscosity was analyzed by adding different amounts to the mixtures with 30, 50 and 80 wt% BMA. The results show an inconsistent behavior as it can be seen in Figure 2 . In a mixture with 30 wt% BMA viscosity decreases with increasing phenanthrene. In a mixture with 50 wt% BMA viscosity remains nearly stable. Overall the influence of phenanthrene is fairly small and probably within the measurement error of the rheometer. In order to detect a shear rate dependency, several mixtures were evaluated over a large shear rate range, as is can be seen in Figure 3 . Showing this, no shear rate dependency of the mixtures was observed, with or without phenanthrene.
The results show that it is possible to modify viscosity for different shaping methods, for example offset printing, where viscosities of around 200 mPa·s are required or inkjet printing where viscosities of around 50-500 mPa·s are typically used [8, 9] .
Optical properties
An increase of the ratio of benzyl methacrylate in mixtures with EM is lowering the refractive index by a small amount as it is shown in Fig 4. Starting at 1.5697 for 30 wt% BMA, refractive index decreases to 1.5686 for 50 wt% and 1.5676 for 80 wt%, respectively. Refractive index on the other hand increases with increasing content of phenanthrene. By adding 5 wt% of phenanthrene to the mixtures, refractive index increases by appr. 0.008. By adding another 5 wt% refractive index increases again by appr. 0.009. This increase of refractive index is independent of the amount of benzyl methacrylate. As previously shown, benzyl methacrylate is changing viscosity, whereas phenanthrene increases refractive index with little effect on the viscosity. Thus, it can be used in replication methods where viscosity is a critical parameter.
Epoxy methacrylate 97 -053 To investigate the influence of phenanthrene on optical damping, phenanthrene was therefore added to a mixture consisting of 20 wt% EM and 80 wt% benzyl methacrylate. Phenanthrene was seen to have a direct relation to it. Increasing phenanthrene leads to an increase in optical damping, as it can be seen in Fig. 6 . Starting at 0.4 dB/mm for a wavelength of 450 nm, optical damping decreases to around 0.2 dB/mm at a wavelength of 800 nm. The reason for high optical damping at lower wavelengths is the impurity of the used phenanthrene. Purifying phenanthrene in an additional process step would yield better results. Benzyl methacrylate on the other hand doesn't influence optical damping. For all wavelength / nm 800 contents of it the curve shapes are very similar. For a wavelength of 450 to 800 nm the optical damping stays between 0.15 and 0.2 dB/mm. Overall, optical damping was seen to increase at shorter wavelengths and exhibited a cut off wavelength at approx. 420 nm independent of the different mixtures and their polymerized samples respectively. 
Conclusion
In conclusion we were able to show that viscosity can be adjusted by the addition of benzyl methacrylate with only having a small influence on the refractive index. An increase in benzyl methacrylate concentration from 30 to 80 wt% led to a decrease in viscosity from 1.5 Pa·s to 0.008 Pa·s. Adapting the refractive index was successfully done by adding phenanthrene to the mixtures up to 10 wt%. This way refractive index increased for a mixture with 30 wt% benzyl methacrylate linearly from appr. 1.570 to 1.585.
